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Abstract: Our long-term research interests focus on EMACs (Extended Metal Atom Chains), a unique category of molecular metal wires. A prototypical EMAC is a linear chain of transition metals wrapped helically by four oligo--pyridylamido anions. Explored in this AOARD project are novel ligands utilized to synthesize EMACs which inherit interesting physical chemistry, such as crystallographic, structural, magnetic, electrochemical, and electric conductive properties. With the advancement in the synthetic approach over the past years, we prepared pyrazine-(J. 
Introduction:
Comprehensive reviews on EMACs (Extended Metal Atom Chains, scheme 1) from our group and others have been summarized in the Feature Article published in Chem. Commun. (2009, 4323) , a monograph in Nano Redox Sites: Nano-Space Control and its Applications (ed. T. Hirao, Springer, Berlin, 2006, Ch. 5, pp. 85-117), and an account recently submitted to Bull. Jpn. Soc. Coord. Chem. which provide a complete version of the importance and goals of this research. EMACs represent a unique category of molecular wires because most compounds studied in this research field are carbon-based molecules involving conjugated double bond, triple bonds, and aryl groups through which the conducting electrons are expected to transport. Instead of the conjugated framework of carbon-based molecules, for EMACs, the analogous conducting pathways will be the metal-atom chains. Furthermore, these complexes are similar to the electric wires in our macroscopic world as proposed by Cotton's group. Therefore, EMACs are particularly attractive in the field of molecular electronics.
Scheme 1
Oligo--pyridylamine ligands and metal string complexes (Chem. Commun.
2009, 4323).
The prototypical framework of the metal string complexes consists of a one-dimensional linear transition metal backbone in which the metal centers are supported and shrouded by four oligo--pyridylamido ligands (Scheme 1). Previous STM measurements showed that resistances of [Ni 3 (dpa) 4 2 ] ranged from 0.9 M to 24 M, which are qualitatively well correlated with the metal-metal bond orders. Namely, EMACs with stronger metal-metal interaction exhibit the better conductivity.
One of the goals of designing metal string complexes is for future molecular electronics, including wires and functional devices. Therefore, the development of methods to tune the EMAC properties is of paramount importance. To manipulate the properties of EMACs, two apparent approaches are the selections of metal cores and the modification of the pyridylamido ligands. In this report, the properties of the formers were examined by spectroscopic methods such as vibrational spectroscopy (IR, Raman, and surface enhanced Raman) and femtosecond transient absorption spectroscopy. The latter was carried out via pyrazin-and naphthyridine-modulated ligands which improve the delocalization of unpaired electrons and thus the molecular conductance.
Experiment:
General procedures for EMAC synthesis. Examples of the preparation of pyrazin-or naphthyridin-modulated ligands are described and followed by metallation reactions to obtain the EMACs. Detailed information and procedures, including those for prototypical oligo--pyridylamido anions, are referred to the journal articles listed in the publication list.
A mixture of di(6-amino-2-pyridyl)amine (5.00 g, 24.8 mmol), chloropyrazine (6.84 g, 59.7 mmol), Pd 2 (dba) 3 [Ni 11 (tentra) 4 Cl 2 ](PF 6 ) 4 . Anhydrous NiCl 2 (357 mg, 2.75 mmol), H 3 tentra (559 mg, 1 mmol) and naphthalene (60 g) were placed in an Erlenmeyer flask. The mixture was heated (about 210 °C) under argon overnight and then a solution of potassium tert-butoxide (337 mg, 3.0 mmol) in n-butyl alcohol (10 mL) was added dropwise. The reaction was continued for another 18 hours. The product was transferred to hexane to wash out the naphthalene after being cooled. The metal complex was extracted with CH 2 Cl 2 (200 mL), and treated with KPF6 (500 mg, 2.7 mmol). A dark greenish-brown complex was obtained after evaporation. The single crystals suitable for X-ray diffraction were obtained from diffusion of ether to an acetonitrile solution. Yield: 78 mg, 8.9 %.
[Ni 11 (tentra) 4 (NCS) 2 ](PF 6 ) 4 . Solution of NaNCS (115 mg, 1.42 mmol) in CH 3 CN (5 mL) was added to a solution of [Ni 11 (tentra) 4 Cl 2 ](PF 6 ) 4 (100 mg, 0.028 mmol) in CH 2 Cl 2 (70 mL). The mixture was stirred for 2 d and then filtered. The filtrate was evaporated to dryness and gave a dark brown compound. The solid was extracted with CH 2 Cl 2 , and treated with KPF 6 (105 mg, 0.57 mmol) in MeOH (10 mL). The solution was stirred for 12 h, and the solvent was removed under vacuum. The remaining solid was dissolved in CH 2 Cl 2 . Recrystallization from a CH 2 Cl 2 solution layered with hexane gave deep brown single crystals suitable for X-ray diffraction. Yield: 83 mg, 82 %.
Experimental procedures for STM break junction.
The procedures for the conductance measurements are the same as the previous AOARD report. A NanoScope IIIa controller (NanoScope IIIa, Veeco, Santa Barbara, CA) was first operated in the imaging mode with the tunneling current of 1~5 nA. When the imaging showed reasonably stable images of substrates, indicative of a satisfactory tip, the instrument was switched to the mode of STS Plot I(s) (scanning tunneling spectroscopy). The STM tip was brought into and out of contact with the substrate (8.4~14.0 nm/s, 1.40 Hz) in toluene (TEDIA). The subsequent tip retraction broke the tip-substrate contact and generated a molecular junction where the isothiocyanate headgroup at the termini of the EMACs might bind. While acquiring current-to-tip stretching profiles, I(s), the feedback loop was turned off except at the beginning point of the cycle. Regardless whether the solution contained the molecules of interest, I(s) traces exhibited a stepwise profile whose steps exhibited multiples of G o , the conductance quantum taking place when the cross section of a metallic contact is only that of a single atom (G o = 2e 2 /h, ~(12.9 k) −1 ).
The concentration of molecules in dichloroethane was typically 1 mM. The stepwise I(s) traces were obtained at a fixed bias voltage and the magnitudes were orders of magnitude smaller than 1 G o . To facilitate the determination of peak position, the preparation of the conductance histogram excluded I(s) traces with simple tunneling decay which was acquired when no molecule bridged between the electrodes. The data points of the stepwise traces were converted to conductance and represented a value on the histogram which indicated qualitatively how the conductance values were distributed and only the range exhibiting peaks was shown. Gaussian function was used to fit the histograms (Origin 7.5). The peak position and standard deviation of the Gaussian curve were utilized to find, respectively, the single-molecule conductance and the error bars.
Experimental procedures for transient absorption spectroscopy. The following procedures describe how the experiments were carried out in our published papers (ChemPhysChem 2010, 11, 517). EMACs were dissolved first in THF, and subsequently with some portion of p-dioxane or acetonitrile separately to prepare solutions with varied polarity. Because of weak absorption of the transient species produced from trinickel complex after irradiation, the sample solution was prepared to have an absorbance up to 0.4 (concentration ~0.3 mM) for excitation wavelength 330 nm, and a saturated solution for 600 nm. After each measurement, the UV/Vis absorption of the sample was re-examined to test whether the absorbance variation was less than 10% to ensure no degradation. The steady-state absorption spectra were recorded on a commercial spectrometer (Hitachi U3300).
The transient absorption spectra were recorded with another absorption instrument (ExciPro, CDP); the laser was a Ti:sapphire-based amplifier system (Hurricane, Spectra Physics) with output wavelength 800 nm, power 800 mW, and repetition rate 1 kHz. About 70% power of the amplified laser beam was allowed to enter the optical parametric amplifier (OPA, model TOPAS, Light Conversion) to generate the signal light at 1320 and 1200 nm. The excitation beams at wavelengths 330 and 600 nm were generated from the fourth and second-harmonic outputs of the signal beam at 1320 and 1200 nm, respectively. The laser power used for all wavelengths was decreased to 0.5 mJ/pulse to avoid sample decomposition.
The residual 800 nm beam was focused onto a flowing water cell (length 2 mm) to generate continuous white light (400-750 nm) which passed through a wedge reflector and was split into two reflection beams, i.e., reference and probe beams. The pump beam, polarized at the magic angle, traversed the delay line, then was focused and overlapped with the probe beam in the sample cell. The delay stage provided a maximal temporal delay of 2 ns. The sample cell (silica windows, path length of 1 mm) was mounted on a motor (rotational speed 5 Hz) to prevent thermal damage. Two optical fibers collected the residual probe and reference beams after focusing lenses, which were then sent to a monochromator and detected with dual photodiode arrays. A difference in absorption was thus obtained. For the THF solution the instrumental response function, obtained with a Kerrgate method, had a full width at half maximum (fwhm) of 200-300 fs. Measurements were made of the neat solvent under similar conditions to estimate the amplitude and temporal width of XPM occurring through a nonlinear process. The focus of this study is a unique asymmetric naphthyridine-modulated ligand and its complexes, an asymmetric heptanickel string complex exhibiting a charge disproportionate model along the linear nickel framework. This Ni 7 string is the longest asymmetric EMAC containing two different MV units, [ ) system is expected to exhibit higher electronic conductance than traditional MV nickel strings do. It is noteworthy that because of the electronic asymmetry results from charge disproportionation, this complex might also have a potential application as a molecular rectifier.
Results and
Naphthyridine-modulated ligand of 2-(phenyldipyridyltriamino)-1,8-naphthyridine Molecular structure of [Ni 7 (phdptrany) 4 Cl](PF 6 ).
Selected bond distances (averaged): Ni(1)−Ni(2) 2.327, Ni(2)-Ni(3) 2.314, Ni(3)-Ni(4) 2.287, Ni(4)-Ni(5) 2.255, Ni(5)-Ni(6) 2.253, Ni(6)-Ni(7) 2.305 Å. Thermal ellipsoids are drawn at the 30% probability level. Hydrogen atoms and solvent molecules are omitted for clarity.
Calculated electronic configurations of charge disproportionate model and charge localized model for [Ni 7 (phdptrany) 4 Cl](PF 6 ). Metal-metal distances usually decrease from the end to the center of the chain in EMACs of oligo--pyridyl-amido ligand. However, for the Ni 11 c complexes, terminal Ni1-Ni2 distances are slightly shorter than the next Ni2-Ni3 distances, whereas the other naphthyridyl-bridged Ni4-Ni5 distance is significantly shorter than the innermost metal-metal contact, Ni5-Ni6. These trends might result from partial metal-metal bonds between the nickel atoms bonded to naphthyridyl units. . (a) Thermal ellipsoids are set at 30% probability. The hydrogen atoms are omitted for clarity (Ni pink, N blue, Cl green, C black).
(b) View illustrating the quadruple helix along the metal-chain axis.
( Transient absorption spectroscopy is used to study the excited-state dynamics of Co 3 (dpa) 4 (NCS) 2 , Ni 3 (dpa) 4 (NCS) 2 , and Ni 3 (dpa) 4 Cl 2 where dpa is the ligand dipyridylamido. The -*, charge-transfer, and d-d transition states are excited upon irradiation at wavelengths of 330, 400 and 600 nm, respectively. Similar transient spectra are observed under the experimental temporal resolution and the transient species show weak absorption. We thus propose that a lowlying metal-centered d-d state is accessed immediately after excitation. Analyses of the experimental kinetic traces reveal rapid conversion from the ligand-centered -* and the charge-transfer states to this metal-centered d-d state within 100 fs for Co 3 (dpa) 4 (NCS) 2 and for Ni 3 (dpa) 4 A 2 (symmetry group C 4 ). In this trimetal string complex, relaxation to the ground electronic surface after excitation is thus rapid. For Ni 3 (dpa) 4 X 2 , vibrational cooling occurs with a time coefficient of 3.0-15.9 ps. From the spectral shift observed in the transient spectra relative to the steady-state spectra, the dd state is assigned as B 1 /B 2 (Ni t ). This d-d state eventually converts to the electronic ground state, in about 100 ps for the isothiocyanate complex and 200 ps for the chloride. In this trimetal string complex, relaxation to the ground electronic surface after excitation is therefore rapid. For Cr 5 and Cr 7 EMACs, the vibrational peak at 280 cm −1 is assigned to the symmetric stretching mode of Cr-Cr in the s-form for the Cr 5 complex. The vibrational wavenumber for the stretching motion of the Cr-Cr quadruple bond is 570 cm −1 for Cr 3 and Cr 5 complexes and 554/571 cm −1 for Cr 7 complexes. These three metal-string complexes have Cr-Cr quadruple bonding with approximately equal strength. The metal-string complexes with metal ions arranged linearly display a large absorption coefficient for the d-d band in the visible range. For the Cr 3 and Cr 5 EMACs at 632.8 nm, the absorption coefficient is 5000~7000 cm
greater than that of chromium acetate. This condition might enable resonant enhancement of the Raman intensity for the metal-related modes, especially the metal-metal stretching band. For the Cr 7 complex, the d-d bands may red shift to the near-IR range. Weak enhancement in spectral intensity is observed for the metal-related modes. The experimental data show that the Cr 5 complex in both s-and u-structures exists in their crystalline forms. In solution phase when the complex is bound to the metal surface of nanoparticles, no major structural variation is observed, according to the recorded Raman lines. We assumed the complex to be in thermal equilibrium. The s-form is accordingly present in a large proportion. The u-form is thermally accessible via the s-form, indicating that the s-form is the ground state. For Cr 7 complexes, the u-form is identified in SERS spectra and exists in addition to the more stable s-form. X-ray diffraction is unable to distinguish these two structures for such large metal-string complexes. The Cr 7 complexes of pyrazine-modulated oligo--pyridylamido ligands show localized structures consisting of three quadruple Cr-Cr bonds and a single terminal Cr(II) atom, according to the results of X-ray diffraction. With varied ligands, these complexes show variation on the bonding of metal ions and multiple oxidation forms.
